Objective: The prevalence of primary aldosteronism in unselected hypertensive patients is currently unknown. We investigated the frequency of positive screening results for primary aldosteronism based on the aldosterone-to-renin ratio (ARR) in hypertensive subjects aged 30-79 years from two German epidemiological studies. We further examined the frequency of positive screening results in subjects with resistant hypertension or stage III hypertension and assessed possible disparities between untreated and treated hypertensive subjects. Methods: Data were obtained from the first follow-ups of the population-based Study of Health in Pomerania (SHIP; nZ1392) and the Cooperative Health Research in the Region of Augsburg (KORA; nZ1052). Study-specific reference ranges for plasma aldosterone concentration (PAC), plasma renin concentration (PRC) and the ARR were applied. Confirmation tests for primary aldosteronism were not performed in these epidemiological studies. Three definitions for a positive screening for primary aldosteronism were applied: A) increased ARR; B) increased ARR and decreased PRC; and C) increased ARR and increased PAC and decreased PRC. Results: The frequency of positive screening results was 7.0, 3.8 and 0.2% according to definitions A-C respectively. In the subgroups of subjects with resistant hypertension (11.9, 5.5 and 0.9%) or stage III hypertension (18.3, 14.0 and 1.1%), these frequencies were markedly higher than those in the general hypertensive population. There was no difference in the frequency of positive screening results between the treated and untreated hypertensive subjects. Conclusions: A maximum of 7.0% of the hypertensive population in Germany shows a positive screening result for primary aldosteronism. Thus, primary aldosteronism may be less frequent than previously expected based on data from referred hypertensive patients.
Introduction
Arterial hypertension is an important predictor of cardiovascular morbidity and mortality (1, 2, 3). Patients with primary aldosteronism experience severe hypertension that is caused by excessive aldosterone secretion (4) . Moreover, patients with primary aldosteronism exhibit higher rates of cardiovascular events and end-organ damage than patients with essential hypertension (5, 6) . In screening for primary aldosteronism, the aldosterone-to-renin ratio (ARR) is widely accepted (7) , as it indicates autonomous aldosterone production. While increased ARRs are a hallmark of primary aldosteronism, they also occur in hypertensive subjects with decreased renin in combination with normal or even decreased aldosterone levels (8) . The underlying causes of low-renin hypertension and primary aldosteronism are manifold and can be acquired or genetically determined (9) .
The Endocrine Society recommends screening for primary aldosteronism in patient groups with a high prevalence (4) . The prevalence of primary aldosteronism increases with the severity of hypertension and varies depending on the population under investigation (10) . In a recent meta-analysis, Jansen et al. (10) determined a mean prevalence of primary aldosteronism of 4.3% in hypertensive primary care patients and 9.0% in referred hypertensive patients.
The impact of ARR-altering antihypertensive medication in the screening for primary aldosteronism is controversially discussed (11, 12, 13, 14) . A recent study (11) investigated whether washout or replacement of medication, as recommended by the Endocrine Society (4) , is possible and necessary in individual patients. The results of this study (11) suggest that even under regular antihypertensive therapy, the ARR has a high sensitivity in the detection of primary aldosteronism.
While previous studies investigated the prevalence of primary aldosteronism in selected hypertensive patients in primary care (15, 16, 17, 18) or referred hypertensive patients in clinical centres (19, 20, 21, 22) , the frequency of primary aldosteronism in unselected hypertensive subjects is currently unknown. Based on the ARR, plasma aldosterone concentration (PAC) and plasma renin concentration (PRC), we investigated the frequency of positive screening results for primary aldosteronism in hypertensive subjects from the general population in Germany. Data were obtained from the first follow-ups of two population-based studies: the Study of Health in Pomerania (SHIP) and the Cooperative Health Research in the Region of Augsburg (KORA). We applied three definitions of a positive screening result, which vary according to the degree of sensitivity and specificity for primary aldosteronism: A) increased ARR; B) increased ARR and decreased PRC; and C) increased ARR with increased PAC and decreased PRC. We further assessed the frequency of positive screening results in two subgroups of study participants: patients with resistant hypertension and those with stage III hypertension. Finally, we investigated the possible disparities in the distribution of PAC, PRC and ARR and in the frequency of positive screening results between untreated and treated hypertensive study participants.
Materials and methods

The Study of Health in Pomerania
SHIP is a population-based health survey conducted in northeast Germany between 1997 and 2001. From the target population consisting of all German residents of the region, a two-stage cluster sample of 7008 subjects aged 20-79 years was obtained. The study design and sampling methods were previously described (23) . Of all the 4308 participants of the SHIP-0 baseline examination, 3300 also participated in the first 5-year follow-up, designated as SHIP-1. PAC and PRC were measured in SHIP-1 but not in SHIP-0; therefore, we restricted all analyses to SHIP-1.
Cooperative Health Research in the Region of Augsburg
KORA S4 is a population-based health survey conducted in south Germany between 1999 and 2001. From the target population consisting of all German residents of the region, a two-stage cluster sample of 6640 subjects aged 25-74 years was obtained. The study design and sampling methods were previously described (24) . Of all the 4261 participants of the KORA S4 baseline study, 3080 subjects aged 31-82 years also participated in the 7-year follow-up KORA F4 study. PAC and PRC were measured in KORA F4 but not in KORA S4; therefore, we restricted all analyses to KORA F4.
Study population
Our study population comprised 1630 hypertensive SHIP-1 and 1174 hypertensive KORA F4 participants. Among those, we excluded all subjects with missing PAC or PRC (SHIP-1: nZ52; KORA F4: nZ12), pregnant women (SHIP-1: nZ2; KORA F4: nZ0), subjects with renal insufficiency defined as creatinine clearance !50 ml/min or subjects with missing data on renal function (SHIP-1: nZ102; KORA F4: nZ79) and subjects outside the age range of 30-79 years (SHIP-1: nZ82; KORA F4: nZ31). Some subjects were excluded for multiple reasons. This resulted in a study population of 2444 subjects, consisting of 1392 SHIP-1 and 1052 KORA F4 participants.
The investigations in SHIP and KORA were conducted in accordance with the Declaration of Helsinki, and written informed consent was obtained from all participants. The survey and study methods of both studies were approved by institutional review boards (SHIP: ethics committee of the University of Greifswald; KORA: ethics committee of the Bavarian Chamber of Physicians, Munich).
Interview and physical examination
All SHIP-1 and KORA F4 participants underwent a standardised medical examination, including blood sampling and measurements of systolic and diastolic blood pressure. In both studies, information on medical history was obtained by trained and certified staff during a computer-assisted personal interview using identical methods.
Techniques of blood pressure measurement were similar in SHIP-1 and KORA F4 as previously reported (25) . After a rest period of at least 5 min, systolic and diastolic blood pressures were measured three times on the right arm of the seated participant using a digital blood pressure monitor (HEM-705CP; OMRON Corporation, Tokyo, Japan). For statistical analyses, the mean of the second and third measurements was used. Subjects with systolic or diastolic blood pressures R140 or R90 mmHg respectively, or self-reported history of hypertension and intake of antihypertensive medication were considered to be hypertensive. The SHIP-1 and KORA F4 participants were asked to bring along all drugs taken in the 7 days preceding the examination. The drugs were categorised according to the anatomical therapeutic chemical classification system. In both studies, drugs were assigned as 'antihypertensive medication' if the compounds were classified as antihypertensively effective based on the guidelines of the German Hypertension Society (SHIP-1: 18th edition, KORA F4: 19th edition). Resistant hypertension was defined as systolic or diastolic blood pressure R140 or R90 mmHg respectively, despite treatment with three or more antihypertensive agents, one of which had to be a diuretic; in addition, resistant hypertension was defined as a blood pressure !140/90 mmHg with four or more antihypertensive agents, one of which had to be a diuretic (26) . Stage III hypertension was defined as systolic or diastolic blood pressures R180 or R110 mmHg (27) respectively, in subjects taking antihypertensive medication.
Blood samples in SHIP-1 and KORA F4 were taken, while subjects were on regular salt diet and under regular medication. In SHIP-1, blood was sampled between 0800 and 1930 h from non-fasting subjects in the supine position. In KORA F4, blood was sampled in the morning between 0730 and 1030 h from fasting (at least 10 h), seated subjects. As shown in a previous study (28) , blood sampling time and fasting status did not significantly affect PAC, PRC or ARR.
Laboratory measurements
Serum potassium was measured with indirect potentiometry with ion-selective electrodes (SHIP-1 and KORA F4: QuikLYTE; Dade Behring, Eschborn, Germany). Hypokalaemia was defined as serum potassium concentrations !3.5 mmol/l.
In SHIP-1 and KORA F4, PAC and PRC were measured in EDTA plasma samples in centralised laboratories (SHIP-1: Institute of Clinical Chemistry and Laboratory Medicine, University Medicine Greifswald, Greifswald, Germany; KORA F4: Medizinische Klinik und Poliklinik IV, Klinikum der Universität Mü nchen, Munich, Germany). Following the blood sampling, the SHIP-1 EDTA plasma samples were stored on ice and transported within 15 min to the Institute of Clinical Chemistry and Laboratory Medicine. After centrifugation, all samples were stored at K80 8C. PAC and PRC were measured using radioimmunometric procedures (PAC, Coat-ACount Aldosterone; Siemens Healthcare Diagnostics, Eschborn, Germany; PRC, Renin III generation; Cisbio Bioassay, Bagnols-sur-Cèze Cedex, France) as previously reported (28) . The inter-and intra-assay coefficients of variation (CV) of the PAC assay were 15.7 and 5.4% at low concentrations and 3.8 and 2.3% at high concentrations respectively. The inter-and intra-assay CV of the PRC assay were 5.0 and 3.6% at low concentrations and 4.0 and 0.9% at high concentrations respectively. The PAC measured in SHIP-1 corresponds well with data from previous reports using the same assay (29, 30, 31) . In KORA F4, the EDTA plasma samples were not cooled during the 30 min between blood sampling and centrifugation. After centrifugation, all samples were stored at K80 8C. PAC was measured after extraction using an immunofluorescence in-house assay as reported elsewhere (32) . The inter-and intra-assay CV were 15.2 and 7.3% at low concentrations as well as 8.0 and 4.4% at high concentrations respectively. PRC was measured using an automated chemiluminescence immunoassay (LIAISON Direct Renin, DiaSorin, Dietzenbach, Germany) (33) . The intra-and inter-assay CV were below 5.6 and 12.2% respectively.
Previous studies (8, 34) demonstrated that in low renin states, plasma renin activity (PRA) assays provide more sensitive results than PRC assays. However, PRA assays are far more labour intensive than PRC assays, and their use in clinical routine decreased substantially over the past years. Thus, PRC instead of PRA was measured in SHIP-1 and KORA F4 because it better reflects the current laboratory standards.
Definition of decreased, normal and increased PAC, PRC and ARR
The differences in blood sampling conditions and laboratory measurements between SHIP-1 and KORA F4 required the use of study-specific cut-offs to differentiate among decreased, normal and increased levels of PAC, PRC and ARR. Therefore, we established study-specific reference ranges for PAC, PRC and ARR before the present analyses (28) . Reference range calculations were performed similarly in SHIP-1 and KORA F4. In short, reference populations were selected by excluding all participants with missing data on PAC or PRC, participants with hypokalaemia, renal insufficiency and all pregnant women. Further exclusion criteria were: systolic blood pressure R140 mmHg or diastolic blood pressure R90 mmHg; intake of antihypertensive medication including antiadrenergic agents, diuretics, calcium channel blockers, ACE inhibitors or angiotensin II receptor antagonists; and age above 74 years (SHIP-1) or 80 years (KORA F4). The reference ranges represent the weighted 2.5th and 97.5th sex-specific percentiles of the PAC, PRC and ARR distributions for the two age groups, !55 and R55 years (Table 1) . Weights accounted for dropout between the baseline and follow-up examinations based on sociodemographic and health-related variables.
Positive screening for primary aldosteronism
A positive screening result for primary aldosteronism was defined according to three definitions: A) increased ARR; B) increased ARR and decreased PRC; and C) increased ARR with increased PAC and decreased PRC. Definition C describes the typical profile observed in primary aldosteronism: an increased ARR resulting from autonomous aldosterone release and suppressed renin secretion. We therefore assume that a high proportion of subjects who qualify for definition C may suffer from primary aldosteronism, whereas this condition may be less frequent in subjects that fulfil the criteria of definitions A or B only. While the number of false-negative screening results is lower under the definitions A and B, these definitions are less specific for primary aldosteronism and thus provide a higher number of false-positive results than definition C. Unfortunately, confirmatory tests for primary aldosteronism could not be performed due to the populationbased study design.
Statistical analyses
Due to the skewed distributions of PAC, PRC and ARR values, we report median values. Dichotomous variables are presented as percentages. Group comparisons were performed using Kruskal-Wallis tests for continuous variables and c 2 tests for categorical variables. P values !0.05 were considered statistically significant. All data were weighted to reflect the age and sex structure of the German population in 2008. All statistical analyses were performed using SAS 9.1 (SAS Institute, Inc., Cary, NC, USA).
Results
Among the 2444 hypertensive subjects in our study population, the majority (nZ1607; 65.8%) were treated with antihypertensive medication. The 837 (34.2%) untreated hypertensive subjects were on average 8.5 years younger, had lower BMI, higher systolic and diastolic blood pressures and were more often smokers than the treated hypertensive subjects (Table 2) . Less than 2.0% of our study population was hypokalaemic. Of the 183 subjects with increased ARR, 3.8% (2.0% untreated and 4.5% treated) were hypokalaemic (Fig. 1) . Five (all of them treated) of 78 subjects with increased PAC as well as nine (one untreated and eight treated) of 151 subjects with decreased PRC were hypokalaemic.
According to definitions A, B and C, 7.0, 3.8 and 0.2% of the study population had a positive screening result after standardisation to the age and sex structure of the German population in 2008 (Table 3 ). In our study population, we detected 178 participants with resistant hypertension. Sixteen (9.0%) fulfilled the criteria of definition A, eight (4.5%) fulfilled the criteria of definition B and two (1.1%) fulfilled the criteria of definition C. We detected an additional 93 participants with stage III hypertension. Seventeen (18.3%) fulfilled the criteria of definition A, thirteen (14.0%) fulfilled the criteria of definition B and one (1.1%) fulfilled the criteria of definition C.
According to definitions A, B and C, the frequencies of positive screening results were 5.9, 2.6 and 0.0% in untreated hypertensive subjects and 8.5, 4.9 and 0.5% in treated hypertensive subjects respectively (Table 3) . Among the 1607 treated hypertensive subjects, 956 (59.5%) used a combination of more than one antihypertensive agent. The average number of antihypertensive drugs per individual was 1.9 (one S.D. 1.0).
Discussion
Our findings indicate that between 0.2 and 7.0% of the hypertensive SHIP-1 and KORA F4 study population fulfilled the criteria for a positive screening result for primary aldosteronism, according to the three aforementioned definitions. In the subgroups of patients with resistant hypertension and stage III hypertension, these proportions were markedly higher.
Primary aldosteronism is one of the major forms of secondary hypertension (35, 36) . The Endocrine Society recommends screening for primary aldosteronism in patient groups with a high pre-test probability, including patients with severe or resistant hypertension, incidentaloma, hypokalaemia or with early onset of hypertension (4) . In contrast, the Japan Endocrine Society recommends the investigation of primary aldosteronism in all hypertensive patients (37) . We found that 7.0% of the examined hypertensive subjects had an increased ARR after standardisation to the age and sex structure of the German population in 2008. An increased ARR with suppressed PRC secretion, a key characteristic of primary aldosteronism, was identified in 3.8% of our hypertensive study population. The typical laboratory constellation of primary aldosteronism, an increased ARR in combination with increased PAC and decreased PRC, was exhibited by only 0.2% of the hypertensive study population. As there were no confirmatory tests in SHIP-1 or KORA F4, exact estimates for the frequency of primary aldosteronism cannot be provided by this study. However, we assume that the frequency of primary aldosteronism in our hypertensive population lies within the range of 0.2-7.0%. With up to 7.0% of the hypertensive cohort giving a positive result, our findings support the recommendations of the Endocrine Society to screen for primary aldosteronism in subgroups of patients with a high pre-test probability. Previous studies investigating the prevalence of primary aldosteronism focused on hypertensive subjects, either in primary care (15, 17, 18) or in hypertension referral centres (19, 20, 21, 22) . In a recent meta-analysis (10), the prevalence of primary aldosteronism ranged from 0.7 to 13.0% (mean 4.3%) in the compiled studies including primary care patients and from 5.9 to 24.0% (mean 9.0%) in the studies including referred patients. Our estimates obtained in hypertensive subjects from the general population correspond to the low to medium range of estimates for the prevalence of primary aldosteronism in primary care patients. Compared with the mean prevalence of primary aldosteronism observed in referred patients, the prevalence of positive screening results for primary aldosteronism in our hypertensive study population was low. In the ongoing debate regarding the prevalence of primary aldosteronism (38, 39) , our results indicate a lower prevalence in hypertensive subjects from the general population than in hypertensive subjects referred to specialised centres.
Previous studies (18, 40) also demonstrated that more severe forms of hypertension, e.g. resistant hypertension or stage III hypertension, are associated with a high prevalence of primary aldosteronism. In resistant hypertension, primary aldosteronism was diagnosed in 20.0% (40) ; among patients with stage III hypertension, primary aldosteronism was diagnosed in 13.2% (18) . Our results are consistent with these studies (18, 40) . The frequencies of positive screening results were markedly higher in the subgroups of study participants with resistant hypertension or stage III hypertension than in the entire study population.
Before our study, Olivieri et al. (41) determined the prevalence of increased ARRs in a sample of randomly selected, representative, hypertensive subjects from the Bussolengo Health District in Northern Italy. Among 287 examined hypertensive subjects, 32.4% presented an increased ARR (PAC to active renin concentration).
The cut-off for an increased ARR was determined to be equivalent to 50 when PRA is measured. In another study, Newton-Cheh et al. (42) analysed data from the sixth examination cycle of the community-based Framingham Offspring Cohort. The authors found that 7.9% of 215 untreated hypertensive men and 23.1% of 229 untreated hypertensive women had increased ARR (serum aldosterone concentration to PRC). The cut-off for an increased ARR was adopted from a previous study. In this study, a different approach was used to define increased ARR levels, the application of study-specific reference ranges. To the best of our knowledge, this approach has not been used earlier. The intake of certain antihypertensive agents complicates the evaluation of increased ARR levels due to the effects on PAC and PRC (4). In our study, 311 hypertensive subjects were treated with antiadrenergic agents, which increase ARR and may produce falsepositive screening results. An increased ARR was detected in 46 (14.8%) of these subjects. Another 340 hypertensive subjects were treated with diuretics, calcium channel blockers, ACE inhibitors or angiotensin II receptor antagonists, which decrease ARR and may produce false-negative screening results. An increased ARR was detected in seven (2.1%) of these subjects. Finally, 956 hypertensive subjects were treated with a combination of more than one antihypertensive agent. An increased ARR was detected in 79 (8.3%) of these subjects. Unfortunately, washout or change of antihypertensive medication was not possible in SHIP or KORA. Moreover, confirmation tests for primary aldosteronism were not performed; therefore, we cannot assess the proportions of true-or false-positive and trueor false-negative screening results in the treated hypertensive subjects. A recent study (11) compared the mean PAC, PRC and ARR in 25 patients with essential hypertension and in 25 patients with primary aldosteronism. Blood sampling was performed while subjects were taking their regular antihypertensive medication and again after a discontinuation of medication or after a change to drugs with minimal influence on ARR. This study (11) found that antihypertensive medication exerts stronger effects on PAC, PRC and ARR in essential hypertension than in primary aldosteronism. In patients with essential hypertension, the change of medication led to a reduction of false-positive screening results from 11 of 25 patients at baseline to five of 25 patients after substitution or discontinuation of the regular medication. The majority (24 of 25) of patients with primary aldosteronism presented an increased ARR even while taking regular antihypertensive medication. When the ARR was interpreted in combination with information on PAC and potassium, all patients with primary aldosteronism were detected. Moreover, the aforementioned study (11) demonstrated that a change or discontinuation of antihypertensive medication may cause severe side effects. We therefore have reasonable justification to assume that although two-thirds of our study population was on antihypertensive treatment, the sensitivity of our screening results is high.
In our study population, it was impossible to modify antihypertensive medication. However, in clinical practice, screening for primary aldosteronism should be performed after withdrawal or change of antihypertensive medication to drugs with minimal effects on the ARR (4).
Our study has several strengths as well as limitations. The study is strengthened by the large sample size taken from two distinct German regions. In addition, all examinations and laboratory measurements were performed by certified examiners following standardised protocols, assuring excellent quality of data. As the conditions of blood sampling and laboratory methods differed, we applied study-specific reference ranges for PAC, PRC and ARR and were thus able to provide a joint result for both SHIP-1 and KORA F4. Limitations of our study arise from the intake of and unknown compliance with prescribed antihypertensive medication, the singleoccasion blood pressure measurement, the lack of confirmatory testing, the use of follow-up data and the random sodium intake of our participants. Treated hypertensive subjects may present false-positive or falsenegative screening results for primary aldosteronism as various classes of antihypertensive medication alter PAC, PRC and ARR (4). Moreover, data on compliance with antihypertensive drug treatment were not collected in either SHIP-1 or KORA F4. This may have led us to overestimate the proportion of subjects with active antihypertensive drug treatment as well as resistant hypertension, as compliance is a general problem in antihypertensive treatment (26) . For the definition of hypertension, repeated measurements of blood pressure on two or more occasions are recommended. A re-examination of the blood pressure on a second occasion was not possible due to the study design. However, to avoid a white-coat hypertension effect, three subsequent blood pressure measurements were performed, of which the mean of the second and third was used for the statistical analysis. Unfortunately, it was not possible to perform confirmatory tests for primary aldosteronism in SHIP-1 or KORA F4 due to the epidemiological study design. We therefore presented a range of three estimates, within which the frequency of primary aldosteronism presumably lies, but the exact prevalence of primary aldosteronism in our study population remains unknown. Furthermore, while the baseline examinations of SHIP-0 and KORA S4 provide population-based results, the analysed data from the follow-up studies deviate slightly from representativity. Finally, we cannot exclude that differences in salt intake among the age, sex or regional subgroups of the study population biased our results by influencing ARR (43) . In addition to these limitations, all our data were obtained from Caucasian subjects, thus the transferability of our results to other ethnicities may be limited.
Taken together, our results suggest that in the hypertensive German population, positive screening results for primary aldosteronism are found in a maximum of 7.0% of subjects. Thus, primary aldosteronism is less frequent among our hypertensive subjects from the general population than in previous studies among referred hypertensive patients. Our data thereby support the recommendations of the Endocrine Society to restrict screening for primary aldosteronism to subgroups of hypertensive patients with high risk for primary aldosteronism.
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